Introduction
Mercury cadmium telluride (MCT) is still a fundamental material for midwave (MWIR) and longwave infrared (LWIR) photodetectors. Processing HgCdTe with low−ener− gy ions (0.5-1 keV) involves formation of a source of mer− cury interstitials Hg I with very high concentration which get injected into the bulk of the material [1, 2] . During the pro− pagation, interstitials annihilate the mercury vacancies and react with different defects to form donor centres and com− plexes. In p−type MCT, ion milling (IM) converts a surface layer to n−type and creates a p−n junction and in n−type MCT it modifies the electrical properties of the material [3] .
When the milling process is finished, the centres gradu− ally disintegrate (relax). As a result of this relaxation pro− cess, the electron concentration n continually decreases (within 10 3 -10 5 min), depending on chemical nature of do− pants and defects, and stabilizes on the certain level N SD that describes the residual donor concentration (both extrinsic N ED and introduced, native dopants N ID ) and formed donor centres D in the sample [4] [5] [6] . Immediately after IM, elec− tron concentration in converted n−type layer characterizes the total concentration of different defects in the sample.
N SD typically is in the range from 10 14 to 5×10 15 cm −3 . In low−doped MCT, residual donors N SD may override inten− tionally introduced dopants. For this reason, to control the electron concentration in low−doped n−regions formed with ion milling, precise knowledge of the residual doping level is desirable.
In this paper, comparison of electrical properties of MBE samples grown on different substrates by different technologies was provided. The nature of defects and its re− lation to the growth conditions were discussed. The results for MBE grown samples are compared with these for liquid phase epitaxy (LPE) grown samples.
Experiment
The experiments were performed on MCT LWIR and MWIR MCT films grown by MBE on GaAs substrates with ZnTe/CdTe buffer layers and on ZnCdTe substrates (sam− ples ##1, 3, 4, 6-9 - Tables 1 and 2 ) at A.V. Rzhanov Insti− tute of Semiconductor Physics, Siberian Branch of the Rus− sian Academy of Sciences (Novosibirsk, Russia) [7] . Sam− ple #5 was grown by another MBE technology. Sample #2 was grown by LPE on ZnCdTe substrate at Join Stock Com− pany Pure Metals (Svetlovodsk, Ukraine).
In a typical structure, a Hg 1−x Cd x Te (x = 0.22-0.25 for a LWIR structure or x = 0.30 for a MWIR one) 'absorber' film with the thickness d~8-10 μm was protected by~0.3 μm-thick (top) and~1.0−μm-thick (bottom) graded−gap films with x increasing up to~0.35 and up to 0.45 near the both interfaces for LWIR (##1-4, 6) and MWIR (##7-9) samples, correspondingly. The samples ##2 and 5 did not have any protective layers. LWIR MBE films were grown at the substrate temperature T sub~1 85°C. Nominally, un− −doped n−MCT MWIR films were grown at the higher tem− peratures, T sub was 195°C for sample #7 but slightly de− creased for samples ##8 and 9. Samples ##1-3, 5, and 6 af− ter thermal annealing were vacancy−doped, sample #4 was In−doped (~1×10 16 cm -3 ).
Ion milling was performed using an IB−3 (EIKO, Japan) etching system with Ar + ion energy 500 eV, current density 0.2 mA/cm 2 and milling time 10-20 min. The temperature of the samples during the milling was kept at 293 K by means of cooling the sample holder with water. The relaxa− tion of electrical properties of the samples was studied by measuring repetitively the Hall coefficient R H and s in the magnetic field B of 0.01 up to 1.5 T. The measurements were performed on square−shaped van der Pauw structures. During the measurements the samples were kept at liquid N 2 (LN 2 ) temperature. The R H (B) and s(B) dependences were analyzed using discrete mobility spectrum analysis (DMSA), as described elsewhere [4, 8, 9] . First measurements were performed straight after the milling, with the allowance for the time required for mounting samples on the holders and cooling them down to LN 2 temperature. This took about 8-15 min. After the measurements, the samples were al− lowed to warm at room temperature, and were stored in air before the next measurement, again performed at low tem− perature. The values of electron (hole) concentrations n(p) 77 and their mobility m n (m p ) 77 of the measured samples at 77 K are listed in Tables 1 and 2 .
Results
Ion milling of the samples under study led to the formation of n + −n structures typical of such treatment, which consisted of the radiation−damaged n + − 'surface' layer and a 'bulk' modified n−layer. The damaged n + layer was not removed from the surface of the samples after the milling, since the use of DMSA allowed for separating contributions of the carriers of different layers to the conductivity. In this way we shall address only the properties of the 'bulk' n−layers. As it can be seen from Table 2 , nominally un−doped as− −grown films had very low electron concentration n 77 (0), down to 1.5×10 13 cm -3 . In the as−grown In−doped films, the n 77 (0) appeared to be determined by the concentration of in− dium incorporated in the lattice N In = 1.1× 10 16 cm −3 [10] .
The n 77 as measured immediately after the milling n 77 (i) in the all LWIR films, except for #6, was of the order of 10 17 cm -3 , irrespective of sample growth technology. For the sample #6, n 77~3 ×10 16 cm -3 but composition for this sample was slightly higher (x~0.25). The m n77 (i) in these films was low, < 7×10 4 cm 2 V -1 s -1 and this corresponds to the high concentration. In the MWIR films, the n 77 (i) was (5-7.2) ×10 16 cm -3 with m n77 (i) < 2.5×10 4 cm 2 V -1 s -1 (see Table 2 ). Figure 1 shows the relaxation of the n 77 in the LWIR films after the milling. It is evident that n 77 and m n77 changed at room temperature. The dependence of the n 77 on the age− ing time t for all the samples was exponential (which is typi− cal of the disintegration of donor centres (complexes) formed under ion milling [4] ) and had two or three stages with relaxation times t 1 »40-140 and t 2 »450-800 min, re− spectively. It also follows from the data given in Fig. 1 Figure 2 shows the relaxation of the m n77 (i) in the LWIR films. When the electron concentra− tion decreases, the mobility of electrons visibly increases. The relaxation of the n 77 in the MWIR films (Figs. 3 and  4) shows the relaxation of the m n77 (i) in the MWIR films. n 77 (i) straight after ion milling achieved 10 17 cm -3 in all the samples presented in Fig. 3 . The second−order exponential decay fitting of the relaxation curves for MWIR samples yielded t 1 »40-70 and t 2 »150-400 min. After~10 3 min of ageing, the n 77 in these films stabilised at (4-6)×10 15 cm -3 .
Discussion
The n 77 (i) in the LWIR films studied was close to that in the ion−milled acceptor−doped films [8] and this concentration was not related to the type of substrate, nor to the MBE growth technology. In the MWIR films studied, the n 77 (i) was lower but it exceeded 5×10 16 cm -3 . This fact confirms our earlier suggestion that in our MBE films ion milling activates certain neutral defects, and these defects define the electrical proper− ties of the samples straight after the milling [11] . For the n 77 (i), the following expression can be written down n 77 (i) = N SD + D + N N , where N N is the concentration of neutral defects, which get electrically activated through the interaction with Hg I . These defects, as it was communicated earlier, form during the growth and may represent complex native defects, or initially electrically neutral impurity [8] . Considering the presence of the excessive tellurium in the films, possibly in a form of de− fect clusters [12] , these defects may be Te−related. In the In−doped LWIR films under study N SD = N In + N ID + N ED and it is clearly visible in Fig. 1 that after~5×10 3 min of ageing the n 77 in the In−doped LWIR films (sample #4) with N In ³ 10 16 cm -3 stabilised at the level of the concentration of the intro− duced dopant. As we can see, after relaxation, when donor centres formed during the IM disintegrated, n 77 (f) is equal to N SD , that is, to N In in the case of sample #4. For the nominally un−doped MBE sample #3 grown on ZnCdTe N SD is also of the order of 10 16 cm -3 , but the reason for that is at this time un− known. In nominally un−doped samples ##1, 2, 5, and 6 n 77 stabilised at~2×10 15 cm -3 . For these samples, it appears that residual donor doping level. Given that the n 77 (f) »2×10 15 cm -3 , we can conclude that the as−grown films with n 77 (0) < 10 15 cm -3 must have been, in fact, compensated. In the MWIR films, the n 77 (f) was of the order of (5-7.2)×10 15 cm -3 , which means that the as−grown films with n 77 (0) << 10 14 cm -3 were compensated very heavily, which is confirmed by the low m n77 (0) in the films. It fol− lows from Table 2 that the compensation degree slightly re− duced with the T sub decreasing. The increase of n 77 (f) in the MWIR films as compared to the LWIR films, where T sub was lower, suggests that the residual donor level was actu− ally defined by residual doping (N ED >> N ID ), and n 77 (f) »N ED . It means, that the efficient donor doping for the LWIR films studied starts from minimum level of donor concentration N md , N md > 2×10 15 cm -3 , while for the MWIR films N md should exceed 7×10 15 cm -3 .
The value of the n 77 (f) »(5-7.2)×10 15 cm -3 in the MWIR films obtained in this paper appears to be close to the upper limit of the n 77 (f) ever observed in the 'bulk' converted la− yers of ion−milled MCT [3] . Even a higher value (~7´10 16 cm -3 ) was reported for the n−type converted region of ion− −milled MCT MWIR photodiodes [13] . This value was ob− tained with laser beam induced current measurements, and was in a good agreement with results of the photolumi− nescence (PL) study, which showed the PL peak of the n−type converted region blue−shifted by~40 meV in respect to the p−region.
Conclusions
In our MBE films, ion milling led to the formation of a donor centre, which resulted from the interaction of Hg I with a cer− tain defect that had been electrically neutral before the milling. The analysis showed that the most probable candidate was de− fect complex involving excessive tellurium atoms or, another defect, for example oxygen− or hydrogen− like.
Using IM, we established donor background doping level in the MBE films and made estimates of their electrical com− pensation. The electron concentration as measured after the 'relaxation' of defects formed under the milling n 77 (f) ap− pears to be similar in all the HgCdTe samples, except for sample #3 and indium doped sample #4. The other exception was MWIR MBE films, where the n 77 (f) was (4−7.2)×10 15 cm -3 . It is important that n 77 (f) in un−doped samples was much higher than the n 77 in the as−grown samples (the latter constituted~10 13 cm -3 in the MWIR films and~10 14 cm -3 in the LWIR films). This testifies to the fact that some of the as−grown samples were heavily compensated. Finally, we can conclude that the n 77 (i) in the MBE films depended only on x (i.e., growth conditions), and neither on the type of the substrate nor on particular techno− logy.
